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Abs t rac t

‘1’he impacts of fragments K and R of comet Shoe] naker-1.evy  9 are examined with
the aims to interpret the timing c)f the observed precursors to the main thermal
emission event and to correlate the results of ground-based infrared observations
with a variety of observations made onboard the Galileo spacecraft. Analysis of
the phenomena associated with the impact and explosion of fragrncnt  K shows t}lat
there is no discrepancy in the timing of the Earth- and Galileo-based observations
and that the time of 53 + 3 seconds between the emission peak of Precursor 1 and
the onset of Precursor 2, as recorded by terrestrial observers, call  be interpreted
as the interval between the impactor’s disappearance behind the Jovian limb and
the first appearance of the ejects’s plume over t}ie limb following the explosion of
the fragment’s residual mass, It is concluded that the impactor exploded at an
altitude of 45 to 50 km above the pressure level oi 1 bar and that tlIe residual mass
involved in the explosion, approximately 6 to 7 nlillion  tons a]ld about 400 meters
across, represented only a fraction of 1 percent of the fragment’s preatmospheric.
mass. The explosion is calculated to have taken l)lace under a dynamic pressure of
several hundred bars and the dissipated energy is found to have been 011 the order
of 1 02G erg. The results for fragment R SILOW it tc) be smaller a]ld less massive than
fragment K, exploding slightly higher in the Jovian stratosphere, 50–60 km above
1 bar. l’he preferred solutions suggest that the rate of ablation of these impactors
was comparable with, or somewhat higher than, that of category lIIb fireballs in
the Earth’s atmosphere. ‘1’hese  fireballs represent a population of objects consisting
of “soft” cometary material, whose bulk density is typically 0.2 g/cn13. Preliminary
evidence from other observations of the various fl agments a])pears  to be consistent
with the present conclusions. All plume-expansion models based  on penetrations
below the clouds are incorrect and need major revisions. The successful prediction
of explosion altitudes for the Shoemaker-Levy 9 fragments, based  on the slightly
modified fundamental actuations of the classical theory of lncteor  physics and on
ablation rates derived from data on rele~’ant  terrestrial fireballs, is a tribute to the
meteor theory and demonstrates the versatility of its techniques in applications.



1. IN’rltoDucrrIoN
Independent observations of the impact phenomena associated with the collision of Jupiter
with fragments K and R of comet Shoemaker--Levy 9 are co]-nbined in this study to
investigate the characteristics of these events. In pa] titular, cfiorts are made to reconcile
the timing of the first and the second precursors of the K impact (each showing up
as a flash), deriveci  from ground-based observations of high temporal resolution, with the
timing of the luminous event observed from the Galileo spacecraft. The recently proposed
interpretation of ground-based observations (I Iarnilton et al. 1995), which identifies the
first precursor with the impactor’s penetration (the lneteor phenomenon) and the second
precursor with the expanding cloud of ejects from the terminal explosion, is refined by
recognizing specific signatures of the impactor  and the rising plume of the ejects. It will
be investigated whether this relationship allows onc  to constraili  the penetration depth
and the bulk properties of the impactor.

‘1’hc  impact events were characterized by the fact that all plle]lomena  occurring below
certain altitudes could not be directly observed froln Earth because they took place on
the far side of Jupiter. The critical altitudes wele N300-- 400 kln  above the pressure
level of 1 bar for K and much less for R (Chodas  1995), depel]cling  on the elevation of
the uppermost level of the Jovian atmosphere that appreciably attenuates the light, of
a given wavelength, from a source viewed from 13art]l  over tile planet’s limb. In the most
conservative case for the visual region c)f the spectru]n,  onc could identify this attenuation
layer with the ammonia cloud tops, at a pressure of 400--500 mbar.  ln a more likely
scenario, however, the existence of a haze above these clouds slkifts  the effective opacity
boundary toward lower pressures, perhaps near 100 mbar (C}lodas  1995).

2. lMPAC1’OR’S DISAPPEARANCE  A N D  E X P L O S I O N  A N D  EJDCTA PI.UMWS  APIWARANCE

Close examination of the precursor timing requires sampling of l]ig}]  temporal resolution.
Among observations of the K event, I found this constraint to t)c satisfied by a dataset
obtained in a spectral region centered on 2.35 pm with the It-%-cm reflector of the Okayama
Astrophysical Observatory 011 July 19, 1994 (Watanabe et al. 1995, Takeuchi  et al. 1995).
The monitoring consisted of a sequence of frames, each of one-second exposure time
and taken at an approximate rate of six per minute. Tile repc)rted  results, giving the
lmginning  times of exposure , inclicate  that the first detection of Precursor 1 occurrecl
at 10:24:02  UT ancl that the signal peaked within 10 seconds of this time, followed by
a gradual decrease to a minimum at 10:24:58  UT. Precursor 2 began with a steep rise
of the signal, first detectccl  at. 10:25:08 UT and result ing ixl a well definecl m a x i m u m
around 10:25:26  lJrl’.  Another minimum followed at 10:26:15  Url’ and then t}~c flux kept
increasing at variable rates until about 10:38:37  U’]’, at which time the measured signal
was ~3 orders of magnitude higher than the peak flux of Precursor 1. Parallel  imaging-
spectrorncter  observations by Meadows et al. (1995)  indicate that the 2.3 pm flux was
dominated by continuum emission, evidently of thermal origin,  in the early phase of the
K event’s temporal evolution.

Consider a comet fragment striking the Jovian atmosphere wit]l  a speed of 430 km/s.
Three facts–--all of them WC1l known from meteor physics----are critical for understanding
thermal emission variations in the event’s precursor phase: (1) as tlie impactor penetrates
su~)crsonically  into ever cleeper  and denser atmospheric layers, its temperature continues to
increase due to friction with the shocked gas it encounters; (2) as a result of this interaction
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with a column of the atmosphere, some of the object’s kinetic energy  is transferred to
the atmosphere; and (3) because of the rapidly increasing dyna]nic pressure already at
very lligll altitucles,  the impactor’s  effective frontal area grows dramatically along its
atmospheric path,  as the object is subjected to progl cssively  increasing fragmentation
(Sec. 4). Fragmentation is cme of the ablation processes and its effects arc extensively
documented in meteor phenomena, including those associated with very massive objects
striking the Earth’s atmosphere (e.g., Ceplecha  et al, 1993).

The outlined sequence of events implies that once a fragment of the comet enters the
Jovian atmosphere, the tliermal e]nission  observed fro]]l Earth begins  to increase rapidly
with time until, at a critical altitude Zv, the object disappears behillcl the planet’s limb.
From this time on, the declining signal detected by Earth-bascc]  sensors is due entirely to
the ablated material left bc}lind  allcl a column of the disturbed atmosphere in the wake of
the penetrating impactor. Accordingly, t)le peak oj R-ccursor 1 idrlltijies  the time oj the
impaelor  ’s disappearance behind  the limb,  iv. ‘l’he rest of the trajectory is hicl~en from
view of F,arth-basecl detectors, including the point of explosion.

‘1’he mass involved in tile explosion is instantly shattered and vapc)rized  and, as it cools
down, much of it is recondensed ancl driven in an expanding mushroo]n-shaped plume back
into the upper atmosphere along the impactor’s path. ll~hen  the p]u]l]e’s leading boundary
has reached a critical altitude Z~, at whic]l the ejects’s thermal emission is first detected
from Earth, the observed signal  begins to increase rapidly. I-lencc,  the onset of ~r’ccursor  2
identifies the earliest time oj the plume’s appearance ovfr the planet’s  liIntI,  tA. Because of
Jupiter’s spinning, the two critical altitudes ciiffer from each other and since the impacts
}lad occurred shortly before their sites rotated into view from Earth, it always was ~A < ZV.
If this interpretation is correct, the time interval between the impactor’s disappearance
and the plume’s first appearance is an important paran]eter  that provicles  information on
the depth of penetration and on other signatures of the explosion pllcnomena.

The highlights of t}le prol)osed  sccmario  are dc]~icted  schematically in Fig.  1. The upper
panel displays the geometry at the times tv and tA, inc]uding  the critical altitudes .!3V and
~A. The lower pane] exhibits the precursors on the the]mal  emissio]l  curve ant] identifies
the times t“ and tA.

Returning now to the Okayama thermal flux curve for fragment 1{ on July 21, 1994,
the best estimate for tile peak time of Precursor 1 is tv := 10:’,24:09 j. ‘2 lJ’1’,  while t}le  best
estimate for the onset time of Precursor 2 is tA = 10:25:02  + 2 U~’, so that the interval of
time clurillg which t}le  object was hidclen  from view by terrestrial observers is most likely
to hc 53 + 3 seconds.

‘1’l]ere  appears to be a clear correlation between these collstraillts  and the timing of
tile  luminous evellt,  observecl  for the 1{ impact with the camera ollboard  the Galileo
spacecraft through a methane-band filter centered at 0.89 pm (Chapman et al. 1995).
‘1’he first detection was reported to have taken place at 10:24:13 + 2 UT (Earth Receive
Time), with a sharp peak following only 5 seconds later, at 10:24:18 + 2 UT. Identifying
this peak with tile explosion, olle finds that it took tile impactor oIlly 9 + 3 seconcls to
penetrate from a critical altitude c)f Zv tc) tile cxplosioll  point, and that  the ejccta plume
needed 44 Y 3 seconds to attain a critical altitude ~A. 1 will now il!vestigate  whether the
interpretation of these temporal relations is plausible and, if it is, what constraints do
they set on tile altitude of the impactor’s  explosion.
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GEOMETRY FOR PENETRATING IMPACTOR AND
EXPANDING PLUME OF EJECTA

AT TIME Iv: AT TIME tA:

I
\ ,,’’y+rm’n?

-++’ lbarIMPACTOR

r

\ ‘;L,

y i“ ““m’
JUPITER

\
\\\ \

I
i

TO EARTH

AlTENUAllCt4
\ //+ “ ---- y:;’”

r

l:,’;

P,* ‘
1/

/’

ROTATION

\
I JUPITER

i’,

\

TO EARTH

THERMAL EMISSION CURVE
(EARTH-BASED OBSERVATIONS)

PRECURSOR 1 PRECURSOR 2

t“ tA

.—— — - - -

TIME

~lG. 1. Geornctry considered for an impactor  penetrating tl,e Jovian at~nosphme  and for an expallding
~)lumc of the ejects (upper panel); and a schematic cmtline  of the corresponding pre-main  event portion of
the thermal emission curve as observed from the ground (lower panel). As the impactor penetrates deeper
into the atmosphere, its brightness i~lcreases until it disappears behind the limb when at an altitude Zv.
The impactor’s position is indicated by the open circle on tl,e left-band side of the upper panel and the
corresponding time iv of the emission peak (Precursor ]) is derived from observations of high temporal
resolution. Afterwards, the simal is due entirelv to the wake of ablated nlaterial  left behind and tO
a column of the disturbed atmosphere that trails the impactor  and gradually cools down. The terminal
explosion of tbe impac.tor’s  residual mass is hidden behind tile limb and the observed signal continues to
decline, until the front of the ejects’s plume emerging from the point of explosion appears over the limb,
at an altitude Z* and ti~ne tA. The plume’s position at tl,is  time is shc,wn by the open circle on the
right-}iand  side of the upper panel. Because of Jupiter’s spinning, the impactor’s trajectory (along which
the plume  expands) rotates toward the terrestrial observer during the time interval between tA and iV,  so
that ~A < ~V.  Thc thermal flux begins to increase dramatically at time iA, the onset of precursor 2, W]lCn
the expanding ejects’s front first appears over the limb. The emission ])eak of Precursor 2 is determined
by the balance between two competing effects, an increasing amount of pluIne material over the li~nb and
its decreasing tcm])eratur-c;  this time dots not, bowever, enter the considerations in this paper.
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3, APPROXIMA’I’IONS  FOR lMpACr~OR AND PI,tIME  MO TI ONS IN  .JOVIAN ATMOSPH~R~

l’here is a consensus that any of the cornet’s massive fragments cc)ulcl  not be significantly
dccele’rated by atmospheric friction before reaching the point of its explosion. Thus, if an
impactor’s velocity at the relevant altitudes is V and tile zenith angle of its trajectory d,
the
the

time the object  needs to pierce the atmosphere from an altit~l~le  Xv, at ti-mc tv, to
altitude of explosion Z*, at time ix, is sim])ly:

Z* – z“
i* – t“ = ––

v Cos 6
(1)

The numerical simulations of hypervelocity  impacts of kilometer-sized fragments of
Shoemaker-l,evy  9 and their explosions in the .Jovian  atmosphere (1 loslough  et al. 1994)
have shown that in the early phase of plume expansion the debris frc)llt  is strongly coupled
with the shock front. Kompaneets  (1 960), adapting the classical solution for a point source
explosion to the case of arl exponential atmosphere, also remarked that,, as a strong  shock
propagates from the point of explosion, all the mass is coIlceIltrated ill a thin shell at its

front. ‘1’he shock wave’s upward expansion rate is

OJdZ ~ + ] ~&Ck ( ~)

( )

U——. — ——
X=2 pat,,,(z)  ‘ ?~s z ~,,oc;” ‘ - m ’shock

(2)

where v is the specific heat ratic) of the atmosphere, P~hOCk is the pressure behind the
strong shock, and pat,,, is the atmospheric density. ~’he pressure ]j~hOck  is proportional
to the total energy of the explosic)n  and inversely proportional to tllc expanding cavity’s
volume (Zahnle &z N4ac I.ow  1994). When the explosioll  altitude is kl]owm,  tile differential
ecluation  (2) can be integrated numerically to deternline  the shock propagation. The
calculations show that the shock velocity reaches a minimum soon after the explosion and
then, as the, atmospheric density decreases, the strong shock accelerates beyond all limits.
Boslough  et al,’s  (1994)  simulations have indicated that the debris  gradually decouples
from the shock front during the several tens of seconds after the exp]osion.  The scenario
in which plume material follows the shock wave with ever increasing delays is generally
consistent wit]] the llig}l-resolution observations made with tllc 1 Iubble  Space Telescope
(Ilammcl ci al. 1995).  ~’llesc observations show the ejects reaching ]naximum c]evations  of
N3200  km, cssential]y  independent of tile explosion energy. In ballistic terms, these peak
altitudes imply all initial upward velocity of U1 H 13 km/s. Acc.c)rdingly, I adopt a senli-
cmpirical  approach to approximating the ejects’s motion: in the early phase of plume
evolution, tile material (essentially a superheated shocked gas) is assumed to expand
with tllc shock front, with its motion corrected for effects c)f the alnhient  atmospheric
pressure and Jupiter’s gravity; after the decoupling, trajectories of the cjecta (coolecl
down substantially by  then and largely recondensed into microscopic, particulate) are
assumecl  to Lccomc ballistic, ‘1’hc transition of the plume’s cxpallsion  from the shock
regime to the ballistic rwgime is assumed to occur at an altitude Zt, and a time tb, for
whit.]1 the two regimes yiclcl  the same critical u~)ward ~)lume velocity UCnt, given by

(3)
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1.

where ~J H 24.9 m/s2 is the! Jovian effective gravity at the relevant altitudes. The velocity
variations are schematically outlined in Fig. 2. This approxilnation  may overestimate the
ejects’s front velocity and therefore underestilnate  the time, but  ill terms of the duration
of the shock regime, tb — i!x, the effect cannot be very significant.

The duration of the ballistic regime, from the termination of the shock regime until
the earliest time of plume appearance over the planet’s limb, is equal to

(4)

Finally, the entire period of time during which the impactor  and the expanding plume
could not be observed from Earth, tA -– tv, is given by the sum of the intervals ix—h,
tb – tx, and tA – t~ from, rcspec.tively,  Eqs,  (1), (2) and (3), and (4) if tA > i~, or by the
sum of ix—iv  and iA  —  t~ if tA ~ fb.

4. A1]I,ATION, AI,TITUDE  A N D  ENEItGY OF EXPI,OSION,  A N D  lWSIDUAI,  MA S S

In his stuc]y  of cosmic bombardment of Venus, Zahnlr (1 992) defined an impactor’s point
of explosion in an exponential atmosphere by the condition of the rnaxirnum  rate of energy
clissipation  pcr unit altitude interval. For the ~)ressuxe  px at the altitude Z* he foul~d

{

—— —
21np COS3 o

~)~ == gJ
--WICD “

(5)

w h e r e  m, p, and CD are the impactor’s mass , bulk densi ty ,  ant]  c]rag coeff icient ,  ]1 is
the pressure scale height, and O and g~ are the same quantities as in Eqs. (1) and (3),
respectively. Although Zahnle  & Mac I,OW (1994) a])plied  this fc)rmula  to calculate the
explosion attitudes of the fragments of Shoemaker-Lcwy  9, there are two major problems
with it when employed for poorly cemented objects. One, in derivilig  it, Zahnle (1992)
ncglcctecl  ablation, so that m in Eq.  (5) is both the initial mass and the mass at the
time of explosion. ‘ho, w]lile  the postulated equivalence betwccll the points of explosion
and maximum energy clissipation  is reasonable, observational eviclencc  indicates that the
velocity of a “soft”  impactor  at the point of its disintegraticm  is ~,rossly inconsistent with
Zahnle’s prediction for the point of maximunl energy dissipation.

To address the two problems quantitatively, I refer to l)orovitka  & Spurnj’s  (1 995)
study of the fireball $umava (EN 041274), photographed from several stations of the
European Network of fireball mc)nitoring.  At its maximum brightness, this category IIIb
fireball reached panchrc)matic magnitude –21.5, llorlnalized  to a distance of 100 km. In
the classification introduced by Ceplecha  & hlcCrosky  (1976), fireballs of category IIIb
are recognized as having a low bulk density p (typically NO.2 g/crn3)  ant] a high ablation
coefficient a (MO.2 s2/km2).  These fireballs represent the population of objects made of
“soft” cometary material of highly variable strength (e.g., Ccplec]la 1977a,b,  1987, 1988;
ReVel!c  1983) and are good morphological analogues  for Shoemaker- Levy 9‘s fragments.
Since Sumava is the most massive cometary fireball o]i recorcl,  for which much information
is available, Dorovitka  &~ Spur-nj’s  findings on this object’s properties are relevant to
stuclics  of the nature of the Jovian impacts in general ancl tc) efforts aimed at constraining
the explosion attitudes in particular.
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130rovitka  & Spurnj  conclude that the initial mass of ~umava was W5 tons and find
t}~at the object’s luminous trail began at an altitucle  of 99 km above sea level, where the
dynamic pressure reached %2 mbar and the atmosphe]  ic pressure was merely 0.4 pbar.
An equivalent altitude in the Jovian atmosphere is N380  km above 1 bar. The fireball
disintegrated entirely by tile time it reached an altitude of 59 km (an equivalent Jovian
altitude of W190 krn above 1 bar), at a clynamic  pressure of ~Ql bar and an atmospheric
pressure of 0.25 mbar. Its brightest flare was observed at an altitude of 67 km, where
the dynamic pressure reached *0.4 bar and the atmospheric pressure was 0.08 ,mbar.
lhe fragments of Shoemaker-Levy 9 were subjected to the same dynamic pressure at an
altitude of x200  km above 1 bar, where the atmospheric pressure was NO.15 mbar.

The ~umava fireball experienced only a minor terminal explosioll,  while the brightest
flare took place about 0.7 seconcl before the oLservecl  termination of the luminous trail.
It is interesting to note in this context  that some of the fragments of Shoemaker-Levy 9
(such as B, F, T, or U) failecl  to generate observable plumes. I’llis  resul t  apparently
implies that no appreciable mass was left in these cases to be involved in a terminal
explosion because of relatively small preatmospheric  masses, or particularly high ablation
rates, or both. It is possible that bulk fragmentation cwents are the immediate cause for
the ahscnce  of a detectable termillal  explosion.

VELOCITY ALONG
BALLISTIC TRAJECTORY

‘- VELOCITY ALONG
SHOCK FRONT

0 L _ _ _ _ _ _ _ _ I — —  —
o

——. ..—
i~ - t*

TIME FROM EXPLOSION, f -Ii

FIG, 2. Sc}lernatic outline of the assumed temporal profile of the upward velocity c)f tile ejects’s front. In
an early ])llase of plume development, the ejects are dynamically coupled wit}k the shock wave and follow
its expansion (sliock regime). ]n a late phase of development, the pluxnc bcc.o]nes decoupled from the
s}iock wave, stays behind, and eventually follows a free-fall trajectory (ballistic regime), described by the
Jovian effective gravity .qJ aud an “initial” upward velc)c.ity Ul, related to t}le maximum altitude attained
hy the plume. It is assumed t}lat the transition from the shock regime to the I)allistic  regime takes place
at a time tb, when the upward velocity reaches a critical value of UCIit. It is noted that an (obviously
incorrect) assumption of the ejects following a ballistic. trajec.tclry from the very ex~)losion  would severely
overestimate botti  the expa]]sion velocity and the penetration depth.
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Cont inuous  jragmcntation  is a major ablat ion mechanism fol  fragile impactors.  It
begins  at low atmospheric pressures and is subsequently augmented-- often considerably-
by discrete events  of bdk  f ragmen ta t ion  that  t r igger  major  flares on the light curve.

In terms of mass loss, fragmentation exceeds by orders of magllitude  thermal ablat ion,
which for massive objects not appreciably decelerated by atmospllm-ic  clrag is insignificant.
Thus, neglect of ablation, which was a ‘fstandard”  assumption emp]oyed in numerous
investigations of Shoemaker-I,evy 9 impacts, is unacceptable and cannot be defended.

The other problem with applying fclrrnula  (5) to cometary irnpactors  is the incorrect
condition for the velocity at the time of explosion that is predic.tecl  by Zahnle’s  (1992)
no-ablation mocle],  namely, an e ‘1/2 th part, or 0,61,  the initial (preatrnospheric)  ~elocity.
When one tests this pre(liction  on Borovitka  & Spurnj’s (1995)  results for the Sumava
fireball, it fails miserably. Along the fireball’s luminous trajectory the velocity was mea-
surecl to decrease by 10 percent at the most, in good agreement with models that account
for ablation, such as RcVclle’s  (1993) theory. T}~us,  the utter disagreement with Zahnle’s
model appears to be a direct consequence of the lieglected ablation, not the assumed
equivalence between explosion and maximum energy dissipation.

Zahnle & Mac Low’s (1994)  application of Zahnle’s  no-ablatioli  ~nodel to the impacts
of Shoemaker-I,evy’s fragments into Jupiter further illustrates the kind of pitfalls that
can only be avoided by  abanc]oning  the mode]. Using the values for the clrag coefllcient
and the specific heat ratio preferred by Zahn]e & Mac Low (C.D ::; 1.7 ancl ~ = 1.2), I have
been able to reproduce the explosion altitudes listecl  in their ‘1’able 1 to a few kilometers.
}Iowevcr,  I find that the tabu]a.tecl  values of the ex])losion  energy are valid for a velocity
of N60  kill/s all(]  are therefore i l lconsistent with the conditions On which the formula (5)
was clerived  by Zahnlc (]992); the energy should I)e lower  by a factor of e = 2.718 . . . .
The present results show (Sec. 5) that for some of tile cases listed in Zahnle  & Mac Low’s
Table 1 the p]ume’s  upward expansion is much too slow, by  a factor of several, to explain
the observecl  interval t.~ -- iv of 53 seconds; while for the rest, tile plume might not even
have risen over the limb because of Jupiter’s gravity, neglected by Zahnle  & hfac Low.

I next compare the no-ablation model’s results with those derived by Sekanina (1993),
whose approach is semi-empirical. It is based on the fundamental equations of meteor
physics, but the ablation coefficient employed is its mean cflective  value determined from
reduced photographic observations of a larg,e number of category 11 Ib fireballs. Although
the distribution of fragmental ion events along the trail is unp)  cdictab]e, all ablation is
ac.counted for in this model. In addition, the classical theory is modified by allowing for
progressively inceasing  deformations in the shape c)f the impactor  during its atmospheric
flight (Chyba  et al, 1993).  The equations of motion, ablatio]l,  atid  deformation are then
il~tegratccl  side by side numerically, using very  fine steps in tilnc and other variables, such
as velocity, frontal area, and resiclual  mass. Values of the Jovian atmospheric pressure
and density are taken from Orton’s  (1981) tables, which cover tile attitudes from 1109 km
above 1 bar down to 273 km below 1 bar. The impactor’s tclisile strength, to which the
results are found to be insensitive, is assumed to be 0.01 bar, while the values used for
tllc drag cocfflcicnt  and tile sl}ecific  heat ratio  are those mentio]lcd  shove.

T]le ab]ation  mode] emp]oyed by Sekanina prcc]icts  a cmnetary impactor’s  veloci ty
at tile end of the luminous  trail to be only marginally lower than its entry velocity, in
substantial agreement with evidence from observations of category IIIb fireballs and with
other paradigms that account for ablation, such as ReVelle’s  (1993) theory. The terminal
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explosion for the impactor’s  given preatmospheric  mass rno is predicted to occur much
higher in the atmosphere than in Zahnle’s scenario. Tile characteristic mass available at
the time of explosion can be inferred from three differelIt  conditions, namely, as a residual
mass (1) at the point of peak dynamic pressure, or (2) at the point of maximum energy
dissipation per unit time, or (3) at the point of maximum energy clissipation  per unit
altitude interval. An encouraging feature is the fact that the three conditions yield nearly
identical results, In relevant ranges  of bulk density and explosion energy, the condition of
peak dynamic pressure always results in the smallest value for the residual mass (as well
as the lowest altitude), but the masses derived from the two energy dissipation conditions
are greater, on the average, by a factor of only *2. Differences anlc)llg the three points in
altitude and in time are entirely negligible, 0.1–0.3 km and less than 0.01 s, respectively. In
the following, the point of peak dynamic pressure is em])loyed  to approximate the point of
explosion. Using a nominal a, blation coefficient for categ,ory  IIlb fireballs, CT = 0.2 s2/km2,
the calculated dynamic pressure at the point of exp]c)sion is found to be WI 500 bars for an
impactor of a prcatmospheric  mass of m. = 1016 g ancl a bulk density of p = 0.2 g/cm3.
The peak dynamic pressure varies approximately as an 0.3 power of the explosion energy
for a given density and as an 0.6 power of the density for a given explosion energy, with
a tendency toward a lower power as the energy increases.

5. ]?I+XUI,TS  ANI> D1scUSS1ON: FR.AGNIENT K

For a number of combinations of the impactor’s  initial mass mo, effective diameter Do,
ancl bulk density p, Zahnle’s no-ablation model has been compared with three ablation
scenarios based on Sekanina’s  (1993) described approach. ‘1’he  coefficients of ablation
selected for these scenarios are the nominal value of 0,2 s2/km2  for category IIIb fireballs
and two “extremes” that difler from this value by a factor of two in either direction. The
results are presented in Table 1 in terms of the impactor)s residual mass rn*, diameter
D*, and its explosion energy E* and altitude Z*, The table’s inspection indicates that
differences in the characteristics rnx,  D*, E*, and Z* between the no-ablation case and
any of the ablation scenarios are much greater than the differcllces  among the various
ablation scenarios. Specifically, in order to fit the same explosion altitude for a given bulk
density, Zahnle’s model requires the impactor’s preatrnospheric  mass to be at least three
orclcrs  of magnitude smaller than C1O the ablation sccniu-ios. On tlic other hand, density
effects on the characteristics r-nx, D*, E*, and Z*, while by no mcalls insignificant, are
found to be solncwhat  smaller than the ablation effects.

The sensitivity of the results to tile ablation coefllcicnlt has majol implications for sizes
and masses of the fragments before they entered the Jo\’ian atmospllcre.  IIowcver,  for the
given preatmospheric  mass and bulk density, the explosion altitude varies only moderately
with the ablation  rate, as long as i.! is comparable with the avcrugc  rate for category IIIb
jirebds.  The variations are always less than 30 km in the range of ablation scenarios
considered in ‘rable 1. By contrast, the disparity between the no-ablation case on the one
hand and the ablation scenarios o]) the other hand is anywhere from ~55 km to *150  km.

The average prcatmospheric-to-residual  mass ratio, ?no/mx , is founcl to depend rather
critically on tile rate of ablation. The ratio varies froln -140 for iLII ablation cocfhcient
of 0.1 s2/kn12,  to w330  for 0.2 s2/km2,  and to ~710 for 0.4 s2/kn~2. Correspondingly, the
impactor’s  characteristic dimension at the tin-w of atmospheric entry was N5 to 9 times
larger than its dimension at tile time of explosion. More than 99 pcrccnt  of the object’s
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TABLE 1. Residual rnws,  effective diameter, energy, and altitude of Shoemaker-Levy 9 impactor  at point of explosion as functions of initial conditions.

Impactor  at time of atmospheric entry Ablation dependent residue of impactor at time of terminal explosion (ablation coefficient u in s2/km2)

initial kinetic bulk effective residual mass mx (g) effective diameter D.(km) explosion energy E* (erg)
densitv diameter

explosion altitude Z* (km)~
mass energy
m e ( g )  G(erg)”  P (g/crn3)  D o ( k m )  a=Oc a=O.1  u=o.2 r=o.4 0=0= a=o.1 U=O.2  c7=o.4  U=oc  a=o.1  a=o.2 C=O.4 ff=oc 0=0.1  C7=0.2 U=O.4

1 0 *3  1 02 6” 2 4

1 01 4  1 02 7” 2 4

w
w

,nls ,.28.24.

1 016 ~02924

0.10 0.58

0.20 0.46

0.30 0.40

0.40 0.36

0.50 0.34

0.10 1.2

0.20 1.0
fl,ln 0.86
0.40 0.78

0.50 0.73

0.10 2.7

0.20 2.1

0.30 1.9

0.40 1.7

0.50 1.6

0.10 5.8

~013 1010.82 ~010.43 ]010.19

~olo.as ~olo.’a ~olo.21

~olo.86 ~olo.so ~olo.lz

~010.87 ~010.51 1.10.14

~010.88 ~010.52 ~010.16

~014 ~oII.81 ~oii.46 ~o::.:o

~oll.80 ~oll.48 ~oll.13

;.11.81 ~011.49 ,nll.15.“

10 ‘1”82 10’1”501011”’6
10 11..93 ~oll.48 ~oll.16

1 015 1 01 2” 7 71 012 ’ 4 6 1 0 ’ 2 ”

’3
~o:2.88 ~o:2.45 ~O!2.?4

~012.87 ~012,46 ~012.15

~012,86 ~012.47 ~012.13

10 12”8610:2’5610:2 ”1 4

13.83 ~013.44  1013.1110* 6 10 . -

0.5S 0.11 0.080 0.067 1025”811024”051023”67 1023’43

0.46 0.087 0.06.5  0.054 ~024.06 ~023.72  ~023.4S

0 .40  0 .077  0 .059  0 .044 ~024.10 ~023.74 , ~23.37

0 . 3 6  0 . 0 71 0 . 0 5 4  0 . 0 4 1 ~024.10 ~023.76 ;~23.39

0 . 3 4  0.066  0 . 0 5 0  0 . 0 3 8
~024.11 ~023.76 ~023.41

1.2 0 . 2 3  O.i S ~.;3 ~026.gl ,  ~2S.04 ,  “24.70 1 “24.3’L. -.

1.0 0.18 0.14 0.11 ~025.03 ~024,72 ;.24.38

().~fj  o,l Ij 0.13 0.10 ~025.05  ~024.73 ~024.39

0.78 0.15 0.11 0.088 ~025.05 ~024.74 ~024.40

0.73 0.14 0.10 0.082 ~025.06 ~024.72 ~024.41

2.7 0,48 0.38 0.30 102 7’8 11 0 2 6 ’ 0 0 1 02 5 ” 7 0  1 02 5” 3 7

2.1 0 , 4 2  C.L?C ~.24 , ~2$.11  , ~25.69 , ~25.39
. .

1.9 0.36 0.26 0.21 ~026.10 ~025.70 ;.25.40

1.7 0.33 0.24 0.19 ~026.10 ~025.71 ~025.38

1.6 0.30 024 0.17 ,.26.09 ,.25.61 ,025.38
. . . .

5.x 1.1 0.81 0.63 1028,6] ~027.06 ~026.68 1026.36

22 79 91 i05
16 71 82 95
12 66 77 89

9 63 73 85
6 60 70 82

-1 60 72 85
–10 52 63 76
–15 47 58 70
—IQ 44 55 67

–22 42 52 64

–33 44 55 6S
–45 36 47 59
–52 31 42 54
-58 27 39 51
–63 25 36 48

–78 28 41 53
(j.’2~ 4,5
o.3~ 4.0
0.40 3.6
0.50 3.4

In :2.9Z , !3 .57 ,.!, o
~013 13 45 ~,~ ~,~g (15~ ~027.21 ~026.77 ~026.37 –93 20 32 45

10 1 3’ 9 41 013.52 ~013.  !4 4,0 0.82 0.59 0.44
lo~s.g* l&3.5~ 1013.2’  3 6

~027.18 ~026.78 10253R _105 ]4 ’27 40

0.74 0,54
~013.91 ~013,63 ~013.23 3“1

0.43 ~027.16 102675 102’348  –114 10 24 36

0.68 0.55 0.40
~oZ7.15 ~026.87 ~026.’7 _lzO (j ’21 34

a Calculated on assumption that imwctor’s  ~elocit~ coincided with velocity  of eswe at ~titude of 1000 km above 1 b~.
b 
Reckoned from atmospheric pressure level of 1 bar.

‘ Zahnle’s  model.
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initial mass ablates (and virtually the same fraction of its initial e]lergy  dissipates) during
atmospheric flight prior to the terminal explosion. The ablatccl  mass is indiscriminately
dispersed over vast volumes of the Jovian upper atmos])here.

Although none of the four explosion characteristics listed in l’able I appears to be
a sensitive tracer of the impactor’s density in the ablation scenarios under considera-
tion, the rate of plume expansion and therefore the time interval i*-- iv determined from
Earth-based observations is founcl below to be a useful discriminmlt  of this kind when
appropriately combined with the ablation rate.

The sets of solutions exemplified in Table 1 that satisfy the additional constraint of
t~ – iv = 53 seconds for fragment K were searched for by calculating first, for each selected
ablation cocfflcient, the values of explosion altitude .ZX(~*, p; O) over  a two-dimensional
“grid” of independent variables, the explosion energy and the i]npactor’s  bulk density.
These grid values Z* wcr~ then fitted with polynomials  of log E*, WhOSe coefficients  were
determined as polynomials of log p. Next, the altitudes Zv and ZA, corresponding to the

times of the impactor’s  disappearance and the plume’s first appearance over the planet’s
limb (Sec.  2), were selected and tA – tv was calculated for each gricl  point  {E*, p, Z*; CT} ,
following the approach outlined in Sec. 3. Finally, the grid pc)ints  were interpolated to
identify the solutions for which the calculated values  of tA — iv were in the range of the
observed values, between 50 and 56 s, Based on the currently best orbital elements for
f r a g m e n t  1<, the tables  by Chodas (1995)  yield Zv = 390 krn  al~d ~/$ = 340 km in the
case that the detectable dimming along a line of sight is caused by the stratospheric haze
near a pressure lCVC1 of 100 mbar. This attenuation ~imit is tllc same as that adopted
by IIammel et al. (] 995)  in t he i r  i nves t iga t ion . It ol)viously  is subject to some error,
probably of a fcw tens of kilometers, due in part to the effects of refraction in the Jovian
atmosphere.  The implied uncertainty in tA -- tv is then on the order of Al s, within
the observed value’s uncertainty. During the integration of the plume’s expansion, the
magnitude of the pressure behind the shock frc)nt, p~~,~~k, was closely monitored in terms
of the atmospheric pressure, p~t,~, and the condition  for a Strong  Shock) ]kllock  >> ])atrn ~ was
found to Lc satisfied in all investigated scenarios.

The results of this procedure for fragment K are plotted in 1+’ig. 3 as bands of in-
terpolated so]utions  that satisfy the condition 50 s < iA – tv ~ 56 s for each value of the
ablation coefficient. The solutions based on Zahnle’s  llo-ablation  model (a = O) and sat-
isfying the same condition are also plotted for comparison. ‘1’hc  figure indicates that for
a given explosion energy the no-ablation model requires a bulk density that is systenmti-
cally  lower, by a factor of 20 to 100, than the density implied by  the ablation scenarios.

Specifically)  if fragment  K were llot  subjected to ablation during its atmospheric flight,

its density could not exceccl  0.02 g/cm3 for E*< 1027 erg in order to fit the observed range
of the iA ‘iv values. The impactor’s maximum densify  allowed by the Zahn]e model is
~0.03 g/cn13 for an explosion energy near 1028 erg. Such extremely low densities are of
course meaningless.

Dy contrast, the three ablation scenarios predict for fragment K bulk densities in
a general range from 0.05 to 1 g/cm3  fc)r explosion energies between 1026 and 1027 erg,
thus including a set of plausible solutions. Additional constraints coulcl  be imposed by
setting explicit limits on the ablation rate, the bulk density, and/or the explosion energy.
For example, if ablation coefficients of 0.1 s2/km2  and 0.4 s2/kln2  arc both considered to
bc outside the realm of probable uncertainty, the bulk density of fragment K is restricted
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by
an

Fig,  3 to values from NO,l g/cm
3 for an explosio)l  energy of 1026 erg to N1 g/cm3 for

energy of 1027 erg.

A more attractive avenue for further constraining the solutions in Fig. 3 is offerecl  by an
unpublished result for the preatmospheric size of fraglnent  K, detc!rmined  photometrically

from an imaging observation with the Wide Field Planetary Camera 2 (WFPC-2) of the
Hubble  Space Telescope made on June 27, 1994, about three weeks before  this fragment’s
collision with Jupiter. Analysis of a processed digital map of a ccmtral  region of this con-
densation, kindly supplied by H. A. Weaver, Space Telescope Sciellce  Institute, has shown
that for an assumecl  geometric albedo  of 0.04 at a wavelength region definecl by the used
R filter, the detected signal implies the fragment’s ~jreatmospheric  effective diameter of
1)0 = 3.2 km. The approach employed is described in detail elsewhere (Sekanina 1995).
The uncertainty of this result stems primarily froln the object’s unknown reflectivity

1

0:1

0,01

0.001

11--r—T--r~rT---T-  l__’T-T

SOLUTIONS FOR FRAGMENT K
tA-4=53*3s

LOCUS OF o = 0.2 s%rnz
SOLLIWNS , \

~.

7DO. 32 km
IS = 0.2 s2km2

~ 1

Lz_.l_LJJJ.——  1_  _-.._L..  -J–--U-l ~

4 6 8 10% 2 4 6 8 10n

ENERGY OF TERMINAL EXPLOSION E, (erg)

F I G. 3. Solutions to the explosion energy E* and the bulk density p c)f fragment K for2three  ablation
scenarios described, respectively, by the ablation coefficients o of 0.1, 0.2, and 0.4 s2/km and for a no-
ablation case (Zahnle’s  model; o = O). The shaded areas represent the solutions that satisfy a condition of
50 s < tA –iv <56 s between the impactor’s  disappearance and the plunle’s  first appearance, ~ recorded
by Eart,h-basecl observers. The ]noderately  heavy curves identify the scllulions that are consistent with
the fragment’s preatmospheric effective diameter DO of 3.2 k m , derived frc)m images taken with the

lllll)t)lc Snace lelescol~e’s  WFI’C–2.  Finally, the very heavy curve depicts t}le solutions that satisfy both. . . . . . . .,
conditions, tA–iv = ~3 s and DO =: 3.2 km.
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and is cstimatccl  at approximately +13 percent, if the error of the albcdo  is +0.01, The
relationship between the explosion energy E* and the inlpactor’s  bulk density p consistent
with this effective diameter are represented in ~~’ig. 3 b~~ the curves that are identified by
the DO value and the ablation coefficient. The lnost likely solutions, depicted by a heavy
curve in the figure , are then defined by the points at which the DO curves intersect the
central lines  of the tA—tv so]utiorls. The parameters at three poillts,  corresponding to
the selected ablation coefficients u, are listed in ‘rable 2. The preferred solutions, with a
between 0.2 and 0.4 s2/km2,  predict bulk densities of 0.2 + 0.1 g/c1]13.

6. RMULTS  F O R  l~ItAGM~NT R

When the present study of fragment K was near completion, a paper by Graham et al.
(1995)  was published on the It impact, describing 2.3 pm observations made with the
W. M. Keck 10-meter telescope on July 21, 1994. The data, taken ill a movie mode, with
one frame of an integrated exposure of 4.3 s every 7,7 s, disclose the presence of two
flashes preceding the main event, just as the Okayama observations do for fragment K.
The first flash is characterized by a sharp peak at the time iv = 05:34 :52.2 UT, while the
second flash begins with a very steep rise of the signal  at tA = 05:35  :46.4 UT. Hence,
the time interval  tA – tv == 54 secc)nds, with an estimated error c)f :E2 seconds, is virtu-
ally the same as that for fragment K. This coincidence is scnnewhat  unexpected, since
the R event was less prominent and occurred closer to the boundary between the planet’s

T ABLE 2. Nominal ablation scenarios for impacting fragment K clf comet Shoemaker-Levy 9.
—.—— ——— .- —-— — — . — . —— .

Ablation coefficient u (s2/km2)
—-—. — .. —-.

0.1 0,2 0.4
—.—— ——— —.-

IMPACTOR’S PAR AM ETERS AT ‘rIME OF ATMOSPHEJ{JC ENTRY
Preatmospheric nm.ss, m~ (g)
Kinetic energy, 170 (erg)”
Bulk density, p (g/cn13)
Effective diameter, DO (km)

lMPACTOR’S  l’ARAMETERS AT T I M E  OF TERMINAL IIIXPI.C)SION

Residual mass, m* (g)
Residual energy, E* (erg)
Residual effective diameter, D* (km)
Altitude above 1 bar, Z* (km)
Ambient atmospheric pressure, P* (bar)
Aerodynamic pressure, P (bar)
Preatmosphcric-to-residual mass ratio, rno/m*

Prcatmospheric-t& residual effective diameter ratio, Do/D*

‘1’IME LINE OF EVENTS OCCURRING HEHIND JOVIAN LIMB
lrnpactor’s  flight from disappearance to explosion, t+ – tV  (s)
Plume’s ex]~ansion in shock regime, t~ – ix (s)
}’l~]me’s exl}ansior] in ba]]istic. re~irne, i* -  ti, [s)

]014.91

] 02s.15

0.047
3.2

~012.67
~025.91

0.57
54

0.066
450
17(I

5.6

7.8
38.5

t3.7

~ol K27

102 L3.51

0.11
3.2

1012.74

1025”9S
0.46

5 0
0.080

562
340

7.0

7.9
38.0

7.1
Tots]  ti]ne _behind  Jovian ]imbb, ;#. – iv (s)  - ‘ ‘ 53.0 ● 53.0

101569

~02&93

0.29
3.2

1012.86
]026.10

0.36
44

0.11
795
680

8.8

8.0
37.2

7.8
53.0., — —.— -—---———— __ .—— ——— .-.—

a Breed on ~sstull~)tion that im~mctor’s  velocity coincided with velocity of escape al altitude of 10CKI km above 1 bar.
~ Fittil,~  t},e ~L~erved  interval betwecll ~V = lo:24:m  ~JT ‘id  ‘A = 10:25:02 UT on July 19, 1994, interpolated from

availatde data (Watmml,e  et al. 1995, lakeuclu  et al. 1 9 9 5 ) .
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near and far sides, as viewed from Earth. However, it alsc) should be remembered that
<a lower explosion energy entails a substantially lower upward shock-front velocity. It
therefore appears that the competing effects nearly balanced each other in terms of the
time involved, an interesting circumstance that is fu] ther examined below.

Graham et ai.’s  basic interpretation of the timing of the two observed flashes is similar
to that employed in this study, except that they assume that the plume was on a ballistic
trajectory with an initial upward velocity of W8 km/s from the very time of explosion.
Accordingly, they greatly overestimate the plume’s early expansion velocity (Fig, 2) and
necessarily also the irnpactor’s  penetration clepth,  which  they readily admit. The present
approach yields for the R event solutions listed in Table 3, based again on the precursor
timing, They were constrained by the altitudes of tile impactor’s disappearance and the
plume’s appearance, Zv =. 245 km and Z~ = 210 km (Chodas  1995), and by the preatmo-
spheric effective diameter of the fragment, for which an average value  of Do = 2.4 km was
obtained from analysis of WFPC-2 images taken ill late January and late March 1994
(Sekanina 1995).  Because of a lower explosion enel gy involved, the plume remained in
the shock regime throughout its expansion ]Jhase  behind the limb. This was a fortunate
circumstance because the plume’s ballistic parameter has not been well constrained for
this event. The preferred solutions in Table 3 are again those for ablation coefficients
between 0.2 and 0.4 s2/kn12 , predicting essentially the salnc range of bulk densities for
the impactor  as in the case of fragment K.

TABLE 3. Nominal ablation scenarios for impacting fragment IL cjf comet .$hoemaker--hwy  9.
- — . ——— ——  .  .—- _. —.

Ablation coefficient  a (s2/km2)
——. .— . .

0.1 0.2 0.4
-—— —- — — . . . — -

. .-. – .—— .-—- .— m.. .- -- A-. .-. -.,. ,.r. ~,
lMPACTOJ+’S  l’AILAME”J’h;I+S  Al”

Preatmospheric mass, 7710 (g)
Kinetic energy, Eo (erg)”
Bulk density, p (g/cm3)
Effective diameter, DO (km)

IMPAcror{’s PARAM13TERs AT

Residual rnas, mx (g)
Itesidual  energy, E* (erg)

J  JMf!J UI’ Al MU>I’1113~1~  Y/NT}{Y

TIME OF TE R M I N A L  EXPIOSION

Residual effective diarnctcr,  D* (km)
Altitude above 1 bar, Z* (km)
Ambient atmospheric pressure, P* (bar)
Aerodynamic pressure, P (bar)
Preatmospheric-to-residual mass ratio, mO/m*
I’rcatmospheric-to-residual  effective diameter ratio, Do/D*

TIME I, INK OF EVENTS OCCURRING BEIIIND JOVIAN I.IMB

lmpactor’s  flight from disappearance to expkion, t* – iV (s)
P]llrne’s  Cxpansion  frc)m exp]osior] t o  appearar]ceb,  tA  –  ix (s)

Total time behind Jovian ]irnbc, t* – tv (s)

1014.54

~027,7d

0 . 0 4 8

2 .4

~012.2G

~(,25.51

0 . 4 2

Go

0.049
316
190

5.7

4.3
49.7
54.0

~o14.s8

1028.12

0.10
2.4

]o12.34

102558

0 . 3 4

5 7

0 . 0 5 8

3 8 3

3 5 0

7 . 0

4.4
49.6
54.0

~o15,34

lo2&58

0 . 3 0

2 .4

~o12,50

~025.74

0.27
49

0.085
600
700

8.9

4.5
49.5
54.0

—- __ —-— —— .- —-——. __—. ——.. -—

a Bad on assumption tlmt impactor’s velocity coil)  cided  with velocity of escape at altitude of 1000 kl,) above 1 bar.
b T}lis expansion proceeded entirely in t}lc shock  l-egillw; tilere W&Q no ballistic reginlc.
c Fittillg  tl)e observed interval betweeli  tV = 05:34:52  UT and iA = (15:35:46  UT or, July 21, 1994  (Graham .( al. 1905).
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7 .  CO N S T R A I N T S  F R O M  NEAR-lNFRARED  GROIJND-13ASED OIISFXVATIONS

The models based on the precursor timing can further l]e tested  on, alld  constrained by,
available data on the near-infrared brightness of the i] upactors,  interpreted as thermal
cmissiorl.  If a source’s surface temperature is ?’, surface area S, emissivity  c, ancl distance
to the observer A, its flux Y;, per unit wavelength interval, at a wa~dength A is

f-~ = z%c’A--5[exG’)  -’1-’
(6)

where c 1 and C2 are the blackbody  radiation constants. In
units of erg/cm3/s,  A in pm, S in km2, T in deg K, and A in
is then related to the surface area by

14388.3
T== — — - — - —  -

( )

0.01336s “
A 111 1 + ———

?~ ASA2

The temperature is also constrained by an energy bala]lce.

the following I express 3J in
AU. The surface temperature

(7)

The almount  of energy that is
transferred, per u]lit time, to an impactor of a frontal area A allcl  velocity V is ~Apa~,,, V3A,
where A is a dimensionless heat transfer coefflcie.nt and p~tm,  the local atmospheric density.
The irnpactor’s  thermal radiation losses are given by casB(T4  –2~,,,,)S, where os~ is the
Stcfan-1301tzmann  constant. The fraction x of the transferred energy  that is spent on
thernia] reradiation  is therefore approximately

2CUSB(T4 – Tf,,,,)x & ——-
ApaL,,, V3 ‘

(8)

where it is assumed that the primary emitter of therlnal  radiatioll  is the most involved
surface, the frontal area (S N A). Unfortunately,  the c]eterminatioll  of the heat transfer
coefhcicnt  is rather  uncertain. For fireballs entering the Earth’s atl~iosphere, the problem
of heat transfer was discussed extensively by ReVelle  (1979), in cent inuum flow,  which for
kilometer-sized itnpactors  in the Jovian atmosphere is valid at altitudes of up to at least
500 km above  1 bar, ReVelle  found that convective heat transpox  t clominates  at higher
altitudes for large impactors, wl~i]e radiative transport prevails in deeper layers. For
highly fragile objects—a case that is particularly relevant to comet Sllocmaker-Levy  9-
RcVelle  suggested that there should exist major diffcrcrtces  in tllc clominant heat transfer
mechanism for larger ancl smaller fragments. If fragn]entation  occurs primarily in brief
discrete events, as Horovitka  & Spurrtj’s  (1 995) results  indicate for the Sumava fireball,
sizes of individual fragments may decrease with time more rapidly than the mean free
path. In extreme situations, this could locally result in brief reversal from continuum
flow to free molecular flow for small fragments, with significallt  effects on heat transfer
rates. ReVclIc’s  tabulation of xnaximurn  values of the equilibrium radiative heat transfer
cocllcicnt  shows an increase with increasing body size and his theory’s application to
the three phot,ographcd  meteorite falls typically yieldecl A H 0.1, gclierally increasing to
sorncwhat  llig]lcr  values at hig}ler altitudes.

]n practice, OIIC can use Eqs.  (7) and (8) to find t]le range of so]utions  that rc]atc an
cffectivc temperature 7~fr to all effective emitting surface area S,fl and satisfy an obvious
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soft constraint of XA <<1. ‘I’he tests are conducted on three observations. The peak flux
of Precursor 1 on Graham et al.’s  (1995) 2.3 pm light curve for fxagment R provides the
first data point. This flux, per unit frequency interval, is .TV = 0.43 Jy, equivalent to
.F~ = 2.4 x 10-6  erg/cm3/s.  The relevant altitude is 245 km (Sec. 6), where T’~,,, = 178 K
alld  p.t,,,  = 4.8x 10-9  g/cm 3 . The second observation is the point  c)n C;raham ei al.’s  light
curve for fragment R that immediately precedes the flux peak of Precursor 1. This flux,
which from the histogram in their Fig. 213 is found to be .TV = 0.24 Jy or, equivalently,
.T~ = 1.4x 10-6  erg/cm3/s,  is nominally a mean over the arc of the impactor’s trajectory
between 5.56 and 9.90 seconds prior to the time of peak emission. The corresponding
altitudes are between 490 and 670 km above 1 bar. Because of the rapid increase in the
signal with time, an ‘(effective” altitude is obviously much closel  to the lower of the two
boundaries and I adopt, somewhat arbitrarily, that this “mean” altitude is N530  km, so
that lit,,, = 318 K and pht,,, = 8.3x 10-”13 g/cm 3 . The third data point is the peak flux of
the K event’s Precursor 1, whic}l is estimated at ~~ = 3.2x 10-6  erg/cm3/s from Watanabe
et u1.’s (1995)  2.35 pm light curve in their Fig. 2 and which is assignccl  to the previously
establisl)cd  altitude of 490 krn above I bar (7~t,,l  = 293 K, patr,]  ‘= 2.0 x 10-12 g/cm3). 111

eat}] case the effective emitting surface S’.fl is expressed in ullits  of the preatmosphcric
frontal area AO, equal to 3.2 kn12 for fragment R and 5.6 km2 for fragment K.

The results of this exercise are summarized in Taljle 4, which shows that the condition
of XA << ] is satisfied at the altitudes near 500 km above 1 bar for both fragment R and
I{ only  if their effective temperature was lower  thall 1000 K and their effective emitting
surface equal to at least several hundred km 2 . On t}~e other halicl,  the same condition is
satisfied by  a large number of solutions for fragment R at the altitude of ~250 km above
1 bar and only soft constraints can be set on the emitting area from a condition that l~ff at
N250  km be higher than that at N500  km. Althc)ugh  there may exist other explanations
for this enormous emitting surface, I suggest that the tabulated results present further
evidence  for fragmentation at high altitudes, in concert with the proposed ablation model.
Since the disintegration of a bc)dy into N identical f] agnmlts  ilnplies  an increase by N1/3
in the cross-sectional area, a ratio S, fi/Ao of several llundrecl  WC)UIC1 suggest, in this simple-
minded scenario, a breakup into millions to hundreds of milliolls  of pieces if the entire

‘1’ABLI; 4. lXfective temperature Tefl, effective emitti)lg area .$efi in units of preatmospheric
frontal area Ao, and product XA for Precursor 1 of fragnlents  R and K.

.—. _.—— ——.. -.—. — . ——- _.— —.—

F’ra ment R at
5

Fragment  R at Fragment K at
IWective altituc e of 245 km altitude of 530 kln altitude of 490 km

t e m p e r a  t  u  r e  ——-——- —.—. — -—. —

Tcm (K) ScK/Ao XA Se fl/Ao  xA S e ff/Ao  XA
———. — — - — —  ——— .-

2610 1,0 0.0053 . . . . . . . . . . . .

2000 2.1 0.0018 . . . . . . . . . . . .

1750 3.4 0.0011 . . . . . . . . . . . .

1500 6.3 0.000S8 . . . . . .

1250 15 0.00028 . . . ,.. “ii 0;6”7

1000 51 0.00011 30 0465 38 0.27

800 240 0.00005 140 0.26 180 0.11

700 750 0.00003 440 0.15 520 0.064
—.. ——-. —-— ——— -—— — . . —-—————. --—
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impactor clisintcgrated  a t  once , Since only a fraction of its mass is ablated at a time,
much larger  numbers  of  much smal ler  f ragments  should be involved to  fit the observed
infrared flux. Although these numbers may seem excessive, they are consistent with the
expectecl ablation rates if microscopic particles are the fragrncntatio]l’s ul t imate products .

8. CO N C L U S I O N S

It is concluded that the residual mass of fragment K, estimated at 6 or 7 million tons
and representing about  0.2 percent of the object’s preatmospheric mass, exploded at an
altitude bet wcen 4.5 and 50 km abcwe the 1 bar pressure level, with an energy  of w 1026 erg
and under a clynamic pressure of several hundrecl  bars. With a bulk density of wO.2  g/cm3,
the residual object’s effective diameter at the explosion time is estimated at w400 meters ,
but its shape was probably significantly flattened by the action of the aerodynamic forces.
l’he at]nosphcric  pressure  a t  th is  point  was about  100 mbar. The results  are based on
the assulnption  that the explosion occurred at the point of peak dynamic pressure; if it
took place earlier, tile rwsidual mass involved would be somewhat greater and the altitude
a little higher. ‘1’he results not ouly  satisfy the precursor timing constraints (Watanabe
et cd. 1995, l’akeuchi  et al. 1995), but they also match closely the tilnc of peak brightness
reported by Chap!nan  et al. (19!)5) from observations nlade with the camera onboard the
Galileo spacecraft. ‘1’he  scenarios proposed in Table 2 yielcl a nomillal  time of explosion
of t* = 10:24:17 UT, which agrees with the time of the sharp peak on the methane-band
light curve to 1 scconcl  (Sec. 2). If the explosion slightly preceded tile peak (implying
a brief brightening of the emerging ejects’s plume imn lediatel y following the explosion),
the time coincidence woulcl  be perfect. In any case, the adopted identification of the
peak of Precursor 1 with the impactor’s ,disappearanc(:  behillcl  the Jovian limb ancl the
onset of Precursor 2 with the appearance of the exparlding  ejects’s plume over the limb
is quantitatively consistcnlt  with the observed phenomena that were associated with the
cxplosio]l  of the resiclual  mass, with no disagreement in timing betwccll the grouncl-based
ancl spat.ccraft observations.

Fragment K was  rankecl  slightly lower than G by Weaver et al. (1995), based on t h e
brightness of the condensations in May 1995. Com})arison  of tllc calculated effective
diameters of the two fragments in late June and early July (Sec. 5 and Sekanina  1995) led
to the same conclusion. Thus, the explosion of the resiclual  Inass  of fragment G is likely
to have occurrccl at a somewhat lower altituclc than the explosion c)f fragment K. Carlson
cf. al.’s (1995b) intq)rctation  of the expanding plume associated with fragment G places
the nominal point of cxplosicm  just below the tropopause,  at all altitude of some 30-35 km
above 1 bar, again in general agreement with the present results.

The residual mass of tile smaller fragment R is founcl  to have exploded a little higher in
the Jovian stratosphere than K, most probably between 50 ancl 60 km above 1 bar, with
an energy of 4 to 5 x 1025 erg. The object’s effective diameter at the time of explosion
is estimated at ~300 rnctcrs  ancl its mass at 2 to 3 x 1012 g. ‘1’he time of explosion is
found to be i* = 05:34:57  LIT on July 21, which differs by  11 seconds from the reference
time, 05:35:08  UT, dcrivccl  for this event by Carlson  ei al. (1 995a)  from their observations
maclc  with tllc Near lnfrarcd  Mapping Spcctrorneter  ollboarcl  the Galileo spacecraft. ‘1’his
difference is entirely tolerable, as Carlson et al. admit that their tinling  reference is rather
uncertain, duc in part to a low sigllal-to-nc)isc  ratio, in part to a]] imperfect temporal
clistributioll  of their data, sanll)led  at only sevell  points in a period of 100 seconds ccntercc]
on the refcmmcc  tilnc.
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OtlIcr avenues to constrain ]jcnetration  dc])ths of the fragments ixlcludc observations at
wavelengths se]lsitivc to temperatures at critical altitudes and sIjcc.troscopy  of diagnostic
species. To avoid an overinter}>r-etation  of SUCII  data, it should bc pointed out that a strong
shock dots not cxl)and  only upwarcls,  but, to a li]nitcd  extent, also  into deeper layers,
Koml)anccts  (1960) sllowcd  that  the maximum dovrnward  pcllctration  in an exponential
atmosplicrc  is about 1.4 scale heights, which for Jc)vian  altitudes between O and 100 km
corresponds to w30  km. Hence, if an impactor  explodes at an altitude of, say, 40 km, its
cflccts could still Lc “registcrecl”  by the atmosphere at an .dtitudc  as low as ~1 O km, that
is, in tllc ammonia  cloucls. ln adclition,  vcr tical convect ion tri~gcrccl  by a hyperve]ocity
imlmct and explosion, an issue that is entirely outside the scc)pe of this investigation,
is lilicly  to mix ancl redistribute the various species over solnc  I a]lgc  of depths and thus
furtllcr  to complicate the chemical signature of the explosion.

Or ton  ci al. (1995)  reported impact  s i te  observat ions that  were sounciing  a range of
prmsurc levc]s  in tile  Jovian atlilosphcre  during and following IIJC collisions. They found
that at the in]])act  sit,c I,, telnperaturc  perturbations at 150 ]Ilbar (nominal  al t i tude of
40 km) were significantly greater ant] persisting for much longer pcriocls  of time than
those at 400 mbar (altitucle  of ~20 knl),  IIcnce,  one may estimate that fragment L (whose
impact site’s prominence was, according to IIammel ei al. 1995, ill the same class as that
of fragment K) probably clid not, explode below an altitude of 40 to 50 km, which virtually
coincides with tile explosion altitude found from entirely inde~jcnclent  considerations for
fragment K in this study. Negative preliminary results have Lecn reported by Gurwell  d
al. (1994) from t}leir monitoring of a number of i] npact sites at continuum wavelengths
of 3.0 mm ancl 3.38 mm, which probe pressure levels centerccl  on 800 mbar (altitude of
N8 km); by l{undu  et al. (1 994) from their millimeter wave observations sensitive to
pressure levels from 0.5 to 2.5 bars (altitudes from 16 km clc)wn to –30 km); and by
Grossman et al, (1994) from interferometric  observations at wavelengths of 3 and 6 cm,
which probe depths at pressure levels from I to 5 bars (altitudes down to –60 km).

The only strong (but not absolutely convincing) cviclence  for a deep penetration had
first appeared to be implied by Nell et al.’s (1995)  reportecl  finding that the inferred
large amounts of Sz near the impact site G, cletected  spectroscopically with the Hubble
Space Telescope’s Fail~t Object Spcctroglaph  a few hours after impact, could not be
of cometary origin. The implications were that the mass derived from Jovian sulphur-
bcaring  molecules, that the fragment presumably disturbed the N114SII  clouds predicted at
atmospheric pressure levels exceeding 1.2 bars (altitudes from --5 km to about –20 km),
ancl that the explosion shcmld  have occurred below the ammonia clouds. However, in
a note added in the proofs, Nell et d. concede that the S2 abundances derived in their
paper are overestimated by a factor of at least 102, in which case all observed sulphur  could
bc of cometary origin ancl the argument fc~r deep penetration is 110 longer compelling.

To summarize, 1 am at present aware c)f no evidence that would indicate that any of
the fragments exploded at an altitude below 30 km or causecl  a detectable temperature
disturbance in atmospheric layers at pressures of >1 bar. S])ec.ifically, the present results
for fragments K and R suggest an explosion altitude Z* of slightly ICSS than 50 km above
1 bar for an explosion energy of 1026 erg and a rate of decrease of N16  km in Z* per one
orcler-of-magnitude increase in the explosion energy. It appears that for no impactor did
the explosion energy exceed 1027 erg and tl~at in each case it represented only a fraction of
one percent of the kinetic energy at atmospl]eric  erttry. This huge effect is accounted for by
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p r o g r e s s i v e  dissil)ation  of energy  due to I)rolific ]Ilass ablation  during  atmospheric  f l ight ,
do]ninat(ccl  by fragmcntatio]l  even t s . Severe impactor fragnlentation  likewise seems to be
supported by evidence f rom ]~}art,ll-based  l]car-infrarccl light c~lrves  of tl]e first precursors
and i t  a lso may be responsible  for  the peculiar  radial  rays clearly apparcrit  in the arc-
s]lapc~ c]jstrj~lltjoll  of debris  011 t,]lc IIubble  Sp:ice  Tclcxc.o~je’s  i m a g e s  o f  tlie G impact

site.

Although ignored by most investigators of the Jovian events, tile problem of ablation by
fragmcnta.tion  was in the past repeatedly addressed by meteor physicists. A particularly
tl]orougl]  study was publisllec]  by McCrosky  & (~eplec]la  (I 97o),  who clemonstratccl  that
spraying, spa]lation,  and ])ressurc fragmcntat<ion  represent ablation mccl~anisms  that take
])lac.c in different tllerlna] I egimes. They also callccl  attention to the importance of the
])roccws of bulk (gross) fragmentation, discussed more rcccntly i I) considerab]c  detail by
Ceplec])a  cf al, (1 993).  Altliougll  hIcCrosky  & Ccpleclla’s  (1 970) interest, was primarily
in applications to objects whose mass range was relevant to photographic fireballs and
meteors, many of their c.ollclusions-–-i  nluclingng  those on the low-temperature processes
involved-—have brc)ad  ramifications ancl are, at least in general terms, highly pertinent
to impact studies of c.omct Slloemakcr-],  evy 9 ancl essential to the understanding of the
clisintcgration  of its fragments relatively high ill the Jovian atmosphere. And since the
altitude of cx~)losion  represents a fundamental initial condition for any investigation of
the expanc]ing  plume of ejects, onc conc]udes  t]lat all lnodels  based on the assumption of
an impactor’s  penetration below the C1O U C1 layers are bound  to yiclcl  manifestly incorrect
results and must be rejectccl.

l’he successful prediction of the Shoemaker- Levy 9 cxp]osio]i  a]tituc]es in the Jovian
a.tmosphcre,  based on slightly modified equations appliecl  is studies of fireballs in the
Eart]l’s  atmosphere ancl on ablation rates derived in tllesc studies, is a tribute to the
classical theory of meteor physics. The great versatility of its techniques is demonstrated
by their validation both in a new environment and in a preatrnospheric  mass range that
cxcceds by about nine orders of magnitude the upper bc)ulld to the mass spectrum of
‘isc)ft”  impactors  c,ollsidcred  in past applications. ‘he experience witli  the Jovian events
s}iows that they obviously involved fragments of a cometary (as opposecl  to an asteroidal)
object and underlies both the importance of atlnospheric  ablation processes and the need
to distinguish among the greatly different morqjhological  categories of irnpactors.
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